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Abstract: Up-to-date laser-driven lightings confront a challenge of simultaneously achieving good
photometric and chromatic performances. Herein, the coupling of “patterned package design” and
“phosphor wheel” was proposed and demonstrated effectively to deal with this tough issue, based on a
new architecture of CaAlSiN3:Eu2+ (CASN:Eu) glass ceramic film (GCF) on Y3Al5O12:Ce3+ (YAG:Ce)
GC plate. The fabricated composite has no interface between the two functional layers and retains the
admirable luminescent features from CASN:Eu and YAG:Ce for the microstructural integrity during
co-sintering. The studies on laser-microcrystalline interactions reveal that the luminescence saturation
is almost determined by thermal quenching for YAG:Ce, but is ascribed to thermal/intensity
quenching which are equally crucial for CASN:Eu. Benefiting from the elaborate architecture design,
good color chromaticity tunability was obtained, and severe photon reabsorption was reduced.
Moreover, accompanied with the rotation induced increase of thermal convection to air and pulse-like
excitation, the constructed lighting engine under blue laser driven shows bright white light with
luminous flux (LF) higher than 1000 lm, adjustable chromaticity from cool to warm, and improved
color rendering index (CRI) approaching to 70.
Keywords: laser lightings; glass ceramics (GCs); white light; garnets; nitrides

1

Introduction

It has been decades since the invention of InGaN blue
light-emitting diode (LED), shaping the worldwide
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Y. Wang, yswang@fjirsm.ac.cn

success of white LED based on it, in virtue of the
overwhelmed advantages of small volume, energy
saving, fast response, and long lifetime. However, the
well-known “efficiency droop” leads to low brightness
of LED chip per unit area, impeding its application in
the fields of high-power (> 10 W) special lightings
(whose market requirement is growing year by year),
such as car headlight, floodlight projector, high-pole
light, and projection displays [1–4]. One common
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approach to address this issue is to integrate multi-chips
on board or to integrate multi-lamps into module, but
the raised new problems of increased cost, reduced
stability, sacrificed light efficiency, and complex lamp
design are hard to tackle [5]. In this context, laser
diode (LD), a powerful source yielding blue laser light
with high directionality and monochromaticity, was
proposed to replace LED [6]. There is no droop in the
wall-plug efficiency for blue LD at high input electric
power, so an extremely bright white light can be
achieved upon coupling it with appropriate phosphor
color converter [7–10].
Nevertheless, LD is a kind of lighting source with
laser beam focused to a limited spot size. The resultant
irradiation with ultra-high power density imposes great
stress on the phosphor color converter. Most of the
up-to-date phosphors were excluded from choices for
the stringent requirements on high quantum efficiency
(QE) and thermal stability, only leaving Eu2+/Ce3+-doped
garnets and (oxy)nitrides as potential candidates [11,12].
In practical use, phosphor powders should be fabricated
into bulk material. Obviously, the phosphor–silicone
composite commonly used in white LED encapsulation
is no longer applicable, since the severe carbonization
of organic vehicles will occur upon laser irradiation
[13–15]. Three kinds of all-inorganic fluorescent
materials, including single crystal, ceramic, and glass
ceramic (GC), were then developed as the encapsulants,
all of which show great promises [16–25]. In comparison
with the other two counterparts, GC has unparalleled
advantages of facile cost-effective preparation, flexible
composition design, and controllable chromaticity via
mixing multi-phase phosphors, and thus has received
great attention from academic and industrial circles
recently [26].
GC composite is usually fabricated by co-sintering
phosphor and glass powders at a temperature that the
glass softens or melts. The optimization in glass
composition and preparation procedure to keep intactness
of the embedded phosphor particles gives rise to excellent
luminescent properties inherited from phosphors [27,28].
For white LD application, two concerns arise when
using GC as color converter. One is the relatively low
thermal conductivity (~1 kW/K) of glass matrix, failing
in an efficient heat dissipation when the laser power
density continuously increases. The other one is that
the photon reabsorption occurs when simultaneously
adding yellow and red phosphors for better color quality.
Regarding the former, researchers have proposed various

schemes, such as laminating GC in the form of plate or
film on a substrate (e.g., sapphire, aluminum, and AlN)
with high thermal conductivity [29,30]. Regarding the
latter, not enough attentions have been paid for it yet,
while the possible solution is the usage of phosphorpatterned package design having succeeded in white
LED [31–33].
In this work, a kind of GC composite material based
on a new architecture design was proposed, i.e.,
co-sintering patterned red-emitting GC film on yellowemitting GC plate into integration. The composite is
further made into “phosphor wheel” to increase the
thermal convection to air and to shorten the laser
irradiation time. The high QE, good color controllability,
excellent heat dissipation ability, as well as reduced
photon reabsorption were achieved in the CaAlSiN3:Eu2+
GC-film-on-Y3Al5O12:Ce3+ GC-plate (CASN:Eu GCFon-YAG:Ce GC) “phosphor wheel” color converter.
Correspondingly, the constructed LD lighting engine
based on it yields bright white light with luminous flux
(LF) higher than 1000 lm, accompanied with adjustable
chromaticity from cool to warm and color rendering
index (CRI) approaching to 70.

2
2. 1

Experimental
Synthesis

Fabrication of precursor glass: The precursor glass in
composition of 60SiO2–9B2O3–4Al2O3–15Na2O–2MgO–
5ZnO–2.5CaO–2.5BaO (in mol%) was prepared via
the conventional melt- quenching route. High SiO2
content is beneficial to relieving the thermal corrosion
effect of glass frit to phosphor powders during
co-sintering for its chemically- inert nature [34]. The
addition of the other components helps to reduce glass
softening temperature or inhibits glass crystallization
tendency. The starting materials of SiO2, B2O3, Al2O3,
Na2O, MgO, ZnO, CaO, and BaO (Sinopharm Chemical
Reagent Co., Ltd., China) were weighed according to
their stoichiometric ratios. The mixture was ground in
agate mortar for 30 min, placed in alumina crucible,
and then sintered at 1300 ℃ for 3 h in a muffle
furnace. Subsequently, the melt was casted into a brass
mold and further pulverized into powders.
Fabrication of YAG:Ce GC plate: The obtained
glass powders were blended with 0, 1, 5, 10, 20, and
30 wt% commercial YAG:Ce phosphor powders (Grirem
Advanced Materials Co., Ltd., China) thoroughly, and
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then compressed into green body by using a mold in
diameter size of 40 mm under an axial load of 20 MPa.
After being held under pressure for 10 min, the green
body was demoulded and then transferred to muffle
furnace for sintering. The sintering condition was set
initially at 500 ℃ for 10 min, and then slowly
increased to 720 ℃ at a rate of 2.5 ℃/min (if too fast,
the plate tends to bend), and finally sintered at 720 ℃
for 20 min. The thermal annealing at 200 ℃ for 3 h
was also required to relinquish the internal thermal
stress. The YAG:Ce GC plate was cut into the desired
size and polished.
Fabrication of CASN:Eu GCF-on-YAG:Ce GC
“phosphor pattern”: The obtained glass powders
were blended with the commercial CASN:Eu phosphor
powders (Grirem Advanced Materials Co., Ltd., China)
and the organic vehicles composed of 97 wt% terpineol
(Aladdin, China) and 3 wt% ethyl cellulose (Aladdin,
China). The addition of organic vehicles as disperser
increases the flowability of the slurry. The slurry was
blade-coated on the YAG:Ce GC plate to fill the gaps
between magic tapes that were hand-cut into fan-shaped
patterns. After being sintered at 700 ℃ for 20 min,
the integrated composite material with “phosphor
pattern” was obtained. The preparation procedure is
illustrated in Fig. 1.

2. 2

Characterizations

Microstructure characterizations: The X-ray diffractometer (Miniflex600, Cu Kα, Rigaku, Japan) was
employed to analyze the phase purity. The differential
scanning calorimeter (DSC; STA449F3, Netzsch,
Germany) was carried out to measure by heating the
glass powders in an air atmosphere at a heating rate of
10 ℃/min. The scanning electron microscope (SEM;
JSM-7600F, JEOL, Japan) was adopted to observe the
microscopic morphology and to perform the elemental
distribution analyses. The X-ray fluorescence (XRF)
spectrometer spectroscope (M4 Tornado, Bruker,
Germany) was conducted to reveal the distribution of
component elements macroscopically.
Spectroscopic analyses: A fluorescence spectrometer
(FLS920, Edinburgh Instruments, UK) equipped with a
xenon lamp and 475 nm-pulsed laser light source was
used to test the photoluminescence (PL), PL excitation
(PLE), and fluorescence decay curves. The temperaturedependent PL measurements were performed by placing
the sample on a cooling–heating stage (77–873 K,
THMS600E, Linkam Scientific Instruments, UK). The
QE was measured by a customized integrating sphere
assembled to the cooling–heating stage with the
luminescence signal transmitted to a fiber spectrometer
(QE pro, Ocean Optics, USA) via an optical fiber. The

Fig. 1 Schematical illustration of the preparation procedure for YAG:Ce GC plate (up) and CASN:Eu GCF-on-YAG:Ce GC
composite (bottom).
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photometric and colorimetric parameters of the samples
upon blue laser excitation were collected by a self-built
laser illumination system consisting of a customized
integrating sphere with a diameter of 10 cm, a 22 W
blue laser (LSR455CP, Ningbo Yuanming Optoelectronics,
China), and a fiber spectrometer (QEpro, Ocean Optics,
USA). To determine the laser spot size, a photosensitive
paper was used to receive the irradiation from laser
light. It was found that a hole with area of ~0.38 mm2
burned through the paper (corresponding to the central
laser spot with maximal power) and a whitening region
with an area of ~1 mm2 (corresponding to the whole
laser spot including stray blue light with low power).
In the following, we conservatively used 1 mm2. The
sample was mounted on a rotating wheel driven by a
high-speed rotation motor. The rotating wheel was
located in the integrating sphere. The conversion
efficiency (CE), defined as the ratio of the emission

light power (Pem) to the absorbed blue laser light power
(Pab), was calculated by η = Pem/Pab = Pem/(Pin – Pre),
where Pin and Pre represent the incident blue laser optical
power recorded by laser power meter and the remained
blue light optical power collected by integrating sphere,
respectively. The optical power of the blue laser was
measured by a laser power meter with a thermopile
power probe (30A-BB-18, Ophir, Israel). The surface
temperature of the sample was detected by an infrared
thermal imaging camera (TIS75, Fluke, USA).

3
3. 1

Results and discussion
Microstructure analyses

DSC analyses on the prepared silicate glass reveal the
glass transition temperature (Tg) at 540 ℃ (Fig. 2(a)).
As a rule of thumb, the co-sintering temperature (Ts)

Fig. 2 (a) DSC curve of the silicate glass. (b) Typical X-ray diffraction (XRD) patterns of the YAG:Ce GC, CASN:Eu
GCF-on-glass, and their phosphor counterparts. Photographs of (c) YAG:Ce GC and (d) CASN:Eu GCF-on-glass prepared at
different Ts for 20 min duration. (e) Photographs of the large-size YAG:Ce GC (left) and the corresponding patterned CASN:Eu
GCF-on-YAG:Ce GC composite (right). (f) SEM observation on the cross section of the CASN:Eu GCF-on-YAG:Ce GC
composite and (g, h) energy-dispersive X-ray spectroscopy (EDS) analyses on the embedded particles. (i) XRF analyses
showing the elemental distributions (choosing Ba, Y, Ca, Ce, and Eu as representatives).
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should be set at 100–200 ℃, higher than Tg, to make
glass soft. The final temperature is optimized to 720 ℃
for the YAG:Ce GC plate and 680 ℃ for the CASN:Eu
GCF-on-YAG:Ce GC or CASN:Eu GCF-on-glass
composite, based on the overall considerations on the
appearance (Figs. 2(c) and 2(d)) and luminescent QE
(Fig. S1 in the Electronic Supplementary Material
(ESM)) of the samples. When Ts is lower than the
optimized temperature, some eye-visible tiny pores can
be observed (for YAG:Ce GC), or the body color
appears a little white (for CASN:Eu GCF); in contrast,
when Ts becomes too high, the GC plate deforms with
QE greatly reduced due to the occurrence of the
thermal corrosion. Ts is lower for CASN:Eu GCF than
that for YAG:Ce GC, because the thin film is much
easier to sinter. In the following, if no otherwise specified,
the samples are sintered at their optimized temperatures
for 20 min duration. To construct “phosphor wheel”, a
large YAG:Ce GC plate in a diameter of 40 mm with
good optical quality was made, and was further coated
by CASN:Eu GCF in a pattern of yellow piece alternated
with red piece at an interval angle of 45° (half yellow
and half red in area), as presented in Fig. 2(e).
XRD analyses on YAG:Ce GC and CASN:Eu
GCF-on-glass show that the XRD peaks are almost
identical to their respective phosphor counterparts. The
amorphous hump comes from the glass matrix (Fig. 2(b)).
No obvious impurity phases are detected. On more
careful observation, one can see that the XRD peaks
of CASN:Eu slightly shift toward low θ side after
incorporating into glass, indicating the occurrence of
lattice expansion probably induced by some unavoidable
ionic diffusion between CASN:Eu and glass component
at interface during co-sintering. SEM observation on
cross-section of the CASN:Eu GCF-on-YAG:Ce GC
composite shows the thickness of GC film around
50 μm (Fig. 2(f)). There is no clear boundary between
two layers (no difference in image contrast), because
they share the same base glass composition, and the
co-sintering makes them into integration. YAG:Ce GC
appears densified, free of visible pores, suggesting the
good wettability of viscous glass flow. In contrast, some
pores are observed in the CASN:Eu GCF, majorly
produced by the interstices for the evaporated organic
vehicles. It can be also seen that the morphology and
size of the embedded YAG:Ce and CASN:Eu particles
show no perceivable changes compared with the
pristine phosphor powders (Fig. S2 in the ESM). The
accompanied EDS line-scans on the embedded particles

yield strong signals of their composing elements (as a
comparison, the signals of glass component are very
weak), confirming their chemical compositions (Figs.
2(g), 2(h), and Fig. S3 in the ESM). In order to survey
the macroscopic homogeneity of the fabricated CASN:Eu
GCF-on-YAG:Ce GC composite, XRF spectroscopy
was performed (Fig. S4 in the ESM). In Fig. 2(i), the
elemental distributions of Ba, Y, Ca, Ce, and Eu are
chosen as representatives to demonstrate their uniform
distributions.
3. 2

Spectroscopic studies

In Fig. 3(a), PL and PLE spectra of YAG:Ce GC and
CASN:Eu GCF-on-glass (without adding YAG:Ce in
base glass) were measured and compared with their
phosphor counterparts. One can observe the typical
broad emission–excitation bands originating from
Ce3+–Eu2+: 5d↔4f parity-allowed transitions. The PL
spectral profiles of the samples keep almost invariable
after the co-sintering treatments. Owing to the host
absorptions of the glass matrix (Fig. S5 in the ESM),
obvious luminescence drops can be found in the
ultraviolet (UV) region of the PLE spectra (left half of
Fig. 2(a)). In Figs. 3(b) and 3(c), the studies on kinetic
luminescent decays show no lifetime change for
YAG:Ce (66 ns → 65 ns) and a lifetime drop for CASN:
Eu (656 ns → 593 ns) before/after co-sintering. Combined
with the luminescent QE results (97% → 94% for YAG:Ce
and 87% → 66.7% for CASN:Eu) in Fig. S1 in the ESM,
as well as the above microstructural observations, one
conclusion can be drawn that the thermal corrosive
effect is trivial in YAG:Ce, but may exert influence on
CASN:Eu. To figure out the origin of the luminescence
degradation in CASN:Eu after co-sintering with glass,
an experiment was further performed by heating
CASN:Eu phosphor powders to the temperature identical
to Ts (680 ℃) and held for the same duration (20 min).
The measured luminescence decay curve and QE
before/after heating are presented in Fig. S6 in the
ESM. Upon heating, the calculated lifetime (τ) decreases
from 656 to 623 ns, and the QE decreases from 87% to
73%. Combined with the above results of CASN:Eu GC
(lifetime: 593 ns and QE: 66.7%), it can be deduced that
the thermal degradation of CASN:Eu in itself is the main
reason for the luminescent loss, and the thermal
corrosion via interfacial reaction between CASN:Eu and
glass also takes place. Two dimensional (2D)-contour
plot of the temperature- dependent PL spectra for
YAG:Ce GC and CASN:Eu GCF-on-glass are presented
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Fig. 3 (a) Typical PL (λex = 450 nm) and PLE (λem = 550 or 620 nm) spectra of YAG:Ce GC and CASN:Eu GCF-on-glass.
Comparisons made on the luminescent decay curves before/after co-sintering procedure for (b) YAG:Ce (λex = 475 nm, λem =
550 nm) and (c) CASN:Eu (λex = 475 nm, λem = 620 nm). 2D-contour plot of temperature-dependent PL spectra for (d) YAG:Ce
GC and (e) CASN:Eu GCF-on-glass. (f) Temperature dependence of the integrated luminescence intensity for YAG:Ce GC and
CASN:Eu GCF-on-glass extracted from (d) and (e).

in Figs. 3(d) and 3(e). As the temperature increases
from 25 to 300 ℃, PL intensity continuously declines
for all the samples due to the thermally-assisted nonradiative transitions. The integrated emission intensities
of YAG:Ce GC and CASN:Eu GCF-on-glass exhibit
superior thermal stabilities: Their luminescent losses
are smaller than 10% at 150 ℃ and smaller than 20%
at 200 ℃; especially for the latter, the luminescent
intensity still maintains ~70% at 300 ℃, benefited
from the rigid crystal structure of CASN:Eu [35–37].
3. 3

Luminescent performance upon blue laser
irradiation

The measurements on the luminescent properties of
YAG:Ce GC and CASN:Eu GCF-on-glass upon blue
laser irradiation were performed on a self-built platform
composed of 23 W, 455 nm blue laser, integrating
sphere, fiber spectrometer, laser power meter, and
infrared thermal imaging camera (Fig. 4(a)). The
reflective light path configuration was chosen, which
facilitates the thermal manipulation upon adhering
phosphor color converter to a substrate with high
thermal conductivity (Al plate was used in the present
work). Figures 4(b)–4(e) present the luminescent spectra

of YAG:Ce GC/CASN:Eu GCF-on-glass under static
and rotatory (in a speed of 3000 r/min) excitation
modes. As can be seen, with increasing of the input
power of the blue laser, the recorded blue light
gradually gets enhanced in all the four cases. As for the
converted light, the luminescent intensity increases
first, and then turns to decrease in the static excitation
mode (YAG:Ce GC and CASN:Eu GCF-on-glass get
saturated at 1.75 and 0.75 W/mm2, respectively); while
it keeps continuously growing in the rotatory excitation
mode. Figures 4(f) and 4(g) present the corresponding
pumping power density-dependent LF variations of the
samples. Evidently, either for YAG:Ce GC or CASN:Eu
GCF-on-glass, the static excitation always gives rise to
severe luminescence saturation at very low pumping
power densities of the blue laser (1.75 and 0.75 W/mm2),
and the maximal LFs are limited to 237 and 13 lm
(Fig. 4(f)). Whereas the rotatory excitation leads to the
continuous growth of the converted yellow/red emission
as the pumping power density increases to the limit of
the used blue laser (23 W/mm2 ), meanwhile the
attainable highest LFs reach to 2557 and 348 lm,
converting to ~11-time (2557/237) and ~27-time (348/13)
enhancements, respectively (Fig. 4(g)). The chromaticity
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Fig. 4 (a) Schematical illustration of the self-built measuring platform for laser-driving lighting. Luminescent spectra of
YAG:Ce GC/CASN:Eu GCF-on-glass under (b, d) static and (c, e) rotatory excitation modes. Pumping power density-dependent
LF variations of samples under (f) static and (g) rotatory excitation modes. (h) Corresponding chromaticity coordinate
variations.

variation, reflecting the proportion of the converted
yellow/red light to the excited blue light, accompanies
with the photometric variation. As demonstrated in the
CIE1931 diagram (Fig. 4(h)), the color coordinates
greatly deviate toward blue region in the static cases
when the pumping power density increases, since the
increment rate of yellow/red emission cannot keep up
with that of blue laser light; while the color deviation
degree gets relieved substantially in the rotatory cases.
Attempting to take more insights into the micro-region
effect of the laser–matter interaction, the temperature
variation at laser spot as the power density increases
was synchronously recorded (Figs. 5(a)–5(d)). In line
with our expectations, when excited in the static mode,
very fast temperature elevations up to ~300 ℃ were
observed in both the YAG:Ce GC and CASN:Eu
GCF-on-glass samples within a very limited power
density range of 0–2 W/mm2. Whereas, when excited
in the rotatory mode, there were only gentle temperature
variations in the identical samples over a large power

density span of 0–21 W/mm2. Evidently, the rotation in
“phosphor wheel” configuration effectively controls
the local temperature at laser spot, benefited from the
boosted heat convection to air and the pulse-like
excitation. The accelerated heat dissipation prevents
the adverse heat accumulation, giving rise to the
retardment of heat-induced luminescence saturation
and thus the higher luminous brightness. To be noted,
CASN:Eu GCF-on-glass always exhibits much higher
temperature than that of YAG:Ce GC under a same
power density due to larger Stokes shift. It is also found
that the saturation temperature (the local temperature at
laser spot when getting saturated) of ~158 ℃ for
CASN:Eu GCF-on-glass is lower than that of ~183 ℃
for YAG:Ce GC, despite the former shows much better
resistance to the thermal quenching. In addition, the
plot of temperature-dependent QE exhibits different
variation behaviors (Fig. 5(e)): A rapid QE drop occurs
at ~200 ℃ for YAG:Ce GC, approaching to the
saturation temperature; and in contrast, a gentle QE
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Fig. 5 Power density-dependent local temperature variation in the laser spot taken by thermal imaging camera: (a) YAG:Ce
GC-static excitation, (b) CASN:Eu GCF-on-glass-static excitation, (c) YAG:Ce GC-rotatory excitation, and (d) CASN:Eu
GCF-on-glass-rotatory excitation. To be noted, two sets of color scales of 30–90 ℃ and 30–300 ℃ are used (the color at low
temperatures cannot be differentiated from the background color if unified to 30–300 ℃). (e) Temperature-dependent QE
variations. (f) Calculated conversion efficiency relative intensity vs. input power density of the blue laser.

decline occurs for CASN:Eu GCF-on-glass. Collaborated
with these results, it can be concluded that the
thermal-induced luminescence saturation is the main
cause for YAG:Ce GC, but there exist the other key
influencing factors deteriorating the luminescence
saturation performance of CASN:Eu GCF.
The CEs (CE is related with QE, but takes the
Stokes shift loss into consideration) of the samples
under different excitation conditions were measured
and then normalized to the ones at respective initial
input power densities for comparisons, as presented in
Fig. 5(f). In the static cases, the CE drops are extremely
fast; and similar to the temperature-dependent QE
result, one can also identify a catastrophe point in
YAG:Ce GC when the luminescence saturation occurs.
In the rotatory cases, the CE drops become gentle due
to the alleviation of the thermal load via rotation. At an
incident power density of 21 W/mm 2 , the local
temperatures were controlled to 76.5 ℃ for YAG:Ce GC
(Fig. 5(c)) and 122.5 ℃ for CASN:Eu GCF-on-glass
(Fig. 5(d)). Evidently, ascribing the CE drops under
rotatory excitation to the heat is unreasonable, because
the QEs at these temperatures keep almost invariable
to the ones at room temperature (Fig. 5(e)); in other
words, almost no thermal quenching occurs. The
remained explanation is the occurrence of intensity

quenching (or called as optical excitation quenching)
induced by high photon flux of the blue laser [37–39].
The intensity quenching is probably resulted from the
ground state depletion or the non-linear upconversion
process [23,40]. The former probability can be excluded,
since the variation amplitudes of absorption efficiency
(AE) are within 5%. The almost unchanged AE indicates
sufficient electrons in the 4f ground state of Ce3+–Eu2+
(Fig. S7 in the ESM). The latter probability, promoting
the electrons from the ground state of Ce3+–Eu2+ to
host the conduction band and eventually recombined
with the available ionized centers through non-radiative
pathways, is very likely to happen [23]. CASN:Eu
(microsecond-ranged lifetime) suffers from more intensity
quenching than that of YAG:Ce (nanosecond-ranged
lifetime), since more electrons stay in the excited 5d
level per unit of time and then have more chances got
pumped to the conduction band.
3. 4

Construction of high-quality LD lighting engine

Based on the half-yellow half-red “patterned phosphor”
design (Fig. 2(e)), it was attempted to fabricate a LD
lighting engine simultaneously possessing good
photometric and chromatic performances. First, YAG:Ce
phosphor content in the YAG:Ce GC substrate was
optimized to 10 wt% and 0.7 mm with a maximal LF
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of 2580 lm at 23 W/mm2 when rotated (Fig. S8 in the
ESM). Then the CASN:Eu content (x = 0–30) was
adjusted in the deposited CASN:Eu:Ce GCF to
optimize the final luminescent properties of the x wt%
CASN:Eu GCF-on-10 wt% YAG:Ce GC composite
samples. The corresponding luminescence spectra (the
input power density of 12 W/mm2 was chosen as a
representative) are presented in Fig. 6(a). With increasing
CASN:Eu content, the proportion of red emissive
component gradually gets increased, but at the expense
of the integral luminescence intensity. Such luminous
loss is unavoidable, ascribed to the inferior saturation
performance of CASN:Eu to that of YAG:Ce as
demonstrated above. Compared with the conventional
“mixture phosphor” design (GC randomly mixed by
yellow and red phosphors), the reabsorption effect in
the present “patterned phosphor” design is greatly
reduced (Fig. S9 in the ESM), benefiting from the
spatial isolation between two phosphors. Worthy to be
noted, the induced new problem of inhomogeneous
angular color distribution can be well solved via rotation.
Figures 6(b)–6(f) manifest the variations of the
measured/calculated LF, LE, CCT, CRI, and color
coordinates for the rotated x wt% CASN:Eu GCF-on10 wt% YAG:Ce GC plates (x = 0–30) in dependence
of the incident power density. As expected, under any

one power density, with x increases, LF and LE decline,
while the chromaticity gets warmer (CCT decreases).
Also as expected, for any one sample, with power
density increases, LF increases, but LE decreases and
chromaticity gets colder. The changing trends in CRI
are a little complicated, where the highest values are
achieved at 12 W/mm2 for all the x = 5–30 samples. As
for the CRI drops at >12 W/mm2, it should be caused
by the occurrence of intensity quenching (Fig. 6(b), the
curves deviate from the linear relationship at 12 W/mm2
for the x = 5–30 samples) which aggravates the
imbalance of the spectral power distribution. In Fig.
6(f), it can be seen that the color coordinates of the x =
10–30 samples fall in the hexagon white light areas
specified by the ECE R48 standard [6]. For the
optimized 10 wt% sample, its emissive color just locates
on the Planckian locus trajectory; and meanwhile it
also shows a high LF of 1155 lm, a high LE of
113 lm/W, a good CRI of 69 (in comparison, CRI is 54
for YAG:Ce GC), and a CCT of 3877 K, upon 12
W/mm2 blue LD driven. In the present study, CRI is
hard to tune to higher than 70 because of the imbalance
of spectral distribution. In the future work, great
attention should be paid on the “cyan cavity” problem.
Aiming to high-quality laser lighting source, exploring
new kind of red phosphor with high saturation threshold

Fig. 6 (a) Luminescent spectra of the rotated x wt% CASN:Eu GCF-on-10 wt% YAG:Ce GC plates upon 12 W/mm2 blue LD
excitation. Input power density-dependent (b) LF, (c) luminous efficiency (LE), (d) correlated color temperature (CCT), (e) color
rendering index (CRI), and (f) color coordinates for the rotated x wt% CASN:Eu GCF-on-10 wt% YAG:Ce GC plates upon blue
LD driven; in (f), the hexagon white light areas specified by the ECE R48 standard are denoted for reference.
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Fig. 7 Luminescent photographs of the constructed “phosphor wheels” based on (a) YAG:Ce GC and (b) 20 wt% CASN:Eu
GCF-on-10 wt% YAG:Ce GC under blue LD excitation; the insets show the corresponding sample photographs under daylight.
(c) and (d) Demonstration experiment of illuminating an apple driven by lighting sources of (a) and (b), respectively.

instead of the commercial CASN:Eu is also urgently
demanded.
Luminescent photographs of the constructed
“phosphor wheels” based on YAG:Ce GC and CASN:Eu
GCF-on-YAG:Ce GC under blue LD excitation are
displayed in Figs. 7(a) and 7(b) respectively, where the
chromaticity difference can be intuitively discerned to
the naked eyes. Correspondingly, the lighting sources
in the two cases illuminating an apple exhibit totally
distinct color rendering effect. To the side of receiving
illumination on an apple, more vivid and saturated color
can be observed by using the patterned yellow–red
phosphor design.

4

Conclusions

In summary, a new kind of GC composite material
with a phosphor-patterned design is fabricated via the
low-temperature co-sintering method. Incorporating
YAG:Ce and CASN:Eu into glass gives rise to internal
QEs of 94% and 66.7%, respectively. The microstructural
observation shows no interface between the two
yellow/red-emitting layers. Evaluation on the laser
performance demonstrates the greatly improved
luminescence saturation threshold when changing
excitation mode from static to rotatory. Probing the
variation of the power-dependent local temperature at
laser spots, the temperature-dependent QE, as well as
the power-dependent CE and AE, the micro-region
effect for laser-microcrystalline interaction is clarified:

Thermal quenching is the major factor determining the
luminescence saturation threshold, but the influence of
non-linear upconversion induced intensity quenching
cannot be ignored especially for CASN:Eu. The
constructed light engine based on “phosphor wheel”
and “patterned package design” yields high brightness
of > 1000 lm and good color rendering ability of ~70
simultaneously.
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